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Abstract

Stem cell therapy has the potential to regenerate heart tissue after myocardial infarction (MI). The 

regeneration is dependent upon cardiac differentiation of the delivered stem cells. We 

hypothesized that timing of the stem cell delivery determines the extent of cardiac differentiation 

as cell differentiation is dependent on matrix properties such as biomechanics, structure and 

morphology, and these properties in cardiac extracellular matrix (ECM) continuously vary with 

time after MI. In order to elucidate the relationship between ECM properties and cardiac 

differentiation, we created an in vitro model based on ECM-mimicking fibers and a type of cardiac 

progenitor cell, cardiosphere-derived cells (CDCs). A simultaneous fiber electrospinning and cell 

electrospraying technique was utilized to fabricate constructs. By blending a highly soft hydrogel 

with a relatively stiff polyurethane and modulating fabrication parameters, tissue constructs with 

similar cell adhesion property but different global modulus, single fiber modulus, fiber density and 

fiber alignment were achieved. The CDCs remained alive within the constructs during a 1 week 

culture period. CDC cardiac differentiation was dependent on the scaffold modulus, fiber volume 

fraction and fiber alignment. Two constructs with relatively low scaffold modulus, ~50–60 kPa, 

most significantly directed the CDC differentiation into mature cardiomyocytes as evidenced by 

gene expressions of cardiac troponin T (cTnT), calcium channel (CACNA1c) and cardiac myosin 

heavy chain (MYH6), and protein expressions of cardiac troponin I (cTnI) and connexin 43 

(CX43). Of these two low-modulus constructs, the extent of differentiation was greater for lower 

fiber alignment and higher fiber volume fraction. These results suggest that cardiac ECM 

properties may have an effect on cardiac differentiation of delivered stem cells.
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1. Introduction

Myocardial infarction (MI) affects more than 8 million Americans [1]. MI causes massive 

heart cell death and heart function decrease. Various therapeutic strategies have been used to 

treat MI [1–8]. However, normal heart function cannot be restored after MI since 

cardiomyocytes are less proliferative and endogenous cells are unable to produce sufficient 

cardiomyocytes for effective regeneration. Stem cell therapy is a potential approach to 

regenerate heart tissue [2–10]. It delivers stem cells to the damaged areas (scar tissue) where 

they differentiate into cardiomyocytes. However, various animal studies and clinical trials 

have shown that the success rate for differentiation is low and it therefore remains 

impractical for widespread clinical application [2–11]. Identifying and addressing the causes 

for the low success rate is needed for heart tissue regeneration.

The causes of low differentiation are not completely clear. The harsh biochemical 

environment initiated by MI compromises both stem cell survival and differentiation [2,3]. 

This includes low nutrient and oxygen conditions, high concentrations of reactive oxygen 

species and inflammatory molecules in the infarcted hearts [2,3].

Collagen, a major extracellular matrix (ECM) in the scar tissue, may also contribute to low 

cell differentiation, although this has not yet been explored in the literature. Following MI, 

the composition, biomechanics and structure of collagen fibers change continuously [12–

23]. Their stiffness gradually increases to 3–4 times that of collagen in healthy heart tissue 

[24]. A hypothesis is that such increases may affect stem cell differentiation, consistent with 

recent in vitro studies showing that matrix stiffness regulates stem cell differentiation [25–

33]. This hypothesis can be examined by studying how collagen at different stages of MI 

affects stem cell differentiation.

Recent studies in stem cell biology show that stem cells can differentiate into different 

lineages in vitro when exposed to intrinsic properties of the matrix, such as composition, 

biomechanics and structure [34]. These parameters modulate the forces exerted between the 

cells and matrix. Mechanosensitive pathways subsequently convert these forces into 

biochemical signals that commit the cell to a specific lineage [34]. Each of these attributes is 

significant. Matrix composition can regulate cell fate by differential integrin binding to the 

matrix [34]. For example, ECM proteins can interact with a specific subset of integrins on 

the mesenchymal stem cell (MSC) surface, directing differentiation into heart cells [35]. 

Specific domains from ECM proteins can dramatically affect cell differentiation by 

conformational changes that enhance force transmission as integrins bind to these ligands 

[36–39]. Matrix structure can also affect stem cell differentiation, by affecting integrin 

binding and the distribution of focal contacts between the matrix and cells [34]. For 

example, embryonic stem cells show different differentiation behavior in a microporous 

foam with solid walls compared to fibrous ones [34,40,41]. Finally, matrix mechanical 

properties can induce stem cell differentiation. Specifically, stem cells show lineage-specific 
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differentiation when cultured on matrices mimicking the stiffness of native tissue [25–33]. 

MSCs become neurogenic, myogenic and osteogenic on matrices mimicking neural, skeletal 

muscle and bone stiffness environments, respectively [25]. We have demonstrated that MSCs 

differentiate into cardiomyocytes in a hydrogel with 45–65 kPa modulus [32], while 

cardiosphere-derived cells (CDCs) differentiate into cardiomyocytes at 35 kPa modulus [31]. 

More recently, we demonstrated that fibrous scaffolds mimicking the global mechanical 

properties of healthy heart tissue can induce MSC differentiation into cardiomyocytes [30].

Although many studies have investigated the relationship among collagen global 

biomechanics, collagen organization and heart function [12–23], the current literature lacks 

systematic studies of the effect of collagen fibers in scar tissue on stem cell differentiation. 

Specifically, how do collagen composition, single-fiber modulus, fiber density and 

alignment evolve at different stages of MI and how do these changes affect cell 

differentiation? After being delivered into the scar tissue, stem cells adhere to collagen 

fibers. Fiber properties such as composition, single-fiber modulus, fiber density and 

alignment determine the forces that a stem cell can exert on collagen fibers. Cells contact 

single fibers and thus sense the single fiber rather than global modulus. Fiber density and 

alignment determine the distribution of focal contacts between fibers and cells. The 

evolution in collagen composition, biomechanics and structure due to MI introduces the 

possibility that differentiation might be stimulated or inhibited during certain stages. This 

may impact both the optimal timing for stem cell delivery into infarcted hearts and the 

design of matrices to promote cardiac differentiation. However, these studies cannot be 

conducted in vivo, as other parameters such as cytokines and glycosaminoglycans (GAGs) 

may concurrently affect cell differentiation, making it difficult to isolate the effects of 

collagen fibers [2,3].

Towards the goal of elucidating the relationship between stem cell differentiation and 

changes in collagen fiber properties after MI, we created a novel in vitro model based on 

fibrous scaffolds that mimic structure of the collagen matrix. By modulating fiber 

composition and fabrication parameters, scaffolds with different single-fiber moduli, global 

moduli, alignment and fiber density were obtained. CDC cardiac differentiation in the 

scaffolds was then investigated and correlated to these properties.

2. Materials and methods

2.1. Materials

N-Isopropylacrylamide (NIPAAM, TCI) was recrystallized with hexane three times before 

use. 2-Hydroxyethyl methacrylate (HEMA, Alfa Aesar) and acrylic acid (AAc, Acros) were 

purified by passing through an inhibitor-remover column. Polycaprolactone (PCL) diol (Mn 

= 2000, Acros) was dried under vacuum at 55 °C overnight before use. β-butyrolactone 

(VWR), gelatin type A (Acros), hexafluoroisopropanol (HFIP, Oakwood), tin(II) 

trifluoromethanesulfonate (Sn(OTf)2, VWR), 1,6-diisocyanatohexane (HMDI, Acros), 1,4-

diaminobutane (DAB, Acros), stannous octoate (Sn(Oct)2, Pfaltz & Bauer) and dimethyl 

sulfoxide (DMSO, Fisher) were used as received.
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2.2. Poly(ester urethane) urea synthesis

Poly(ester urethane) urea (PU) was synthesized from PCL, HMDI and DAB according to 

our previously established method [42]. In brief, 12.37 g of PCL was dissolved in 150 ml 

DMSO in a three-necked flask with nitrogen protection. Following addition of 2 ml HMDI 

and six drops of Sn(Oct)2, the mixture was heated to 70 °C to start the reaction. After 3 h, 

the solution was cooled to room temperature. A solution of DAB (0.544 g) in 100 ml DMSO 

was then added dropwise to the flask. The reaction was conducted overnight under stirring. 

The resulting PU solution was precipitated in excess cool deionized (DI) water and dried 

under vacuum. The synthesized PU has a glass transition temperature (Tg) of −46 °C, tensile 

stress of 4.7 ± 0.6 MPa, breaking strain of 946 ± 78%, and Young’s modulus of 2.2 ± 0.3 

MPa.

2.3. Hydrogel synthesis

The hydrogel was based on NIPAAM, AAc, and a macromer based on HEMA and oligo (β-

butyrolactone). The macromer was synthesized by reacting HEMA with β-butyrolactone 

(molar ratio 1:6) under 110 °C with nitrogen protection for 1 h. Sn(OTf)2 was used as a 

catalyst. After the reaction, the mixture was cooled to room temperature, dissolved in THF, 

and precipitated in cool DI water. The precipitate was then dissolved in ethyl acetate, dried 

over anhydrous magnesium sulfate and filtered. The solvent was removed under reduced 

pressure. The resulting macromer was abbreviated as HEMA-oHB6.

The hydrogel was synthesized by free radical polymerization using benzoyl peroxide (BPO) 

as the initiator [43,44]. The molar ratio of NIPAAM/AAc/HEMA-oHB6 was 86/4/10. 

Stoichiometric amounts of NIPAM, AAc and HEMA-oHB6 were dissolved in dioxane in a 

three-necked flask. The monomer concentration was controlled at ~5 wt.%. The solution was 

bubbled with nitrogen for 15 min before BPO solution (in dioxane) was injected into the 

flask. After 24 h of reaction at 70 °C, the solution was cooled to room temperature and 

precipitated with hexane. The polymer was purified twice using THF/diethyl ether. The 

resulting polymer was finally dried under vacuum overnight.

The synthesized hydrogel had a sol–gel temperature of ~14 °C as determined by differential 

scanning calorimetry (DSC). This allows the hydrogel to maintain a solid state at body 

temperature. The degradation product poly (NIPAM-co-AAc-co-HEMA) has 4% AAc, 

which has been demonstrated to have a lower critical solution temperature (LCST) above 

37 °C [45]. Therefore, the degraded polymer can be dissolved in body fluid and removed 

from the body. The hydrogel was highly flexible with a breaking strain >300% and Young’s 

modulus of 11.1 ± 3.5 kPa.

2.4. Mouse cardiosphere-derived cells culture

Mouse CDCs were isolated from the explant of exocardium biopsies as described previously 

[46]. The CDCs were cultured in Iscove’s Modified Eagle Medium (IMDM, Invitrogen) 

supplemented with 10% fetal bovine serum (FBS, Atlanta Biologicals) and 1% penicillin– 

streptomycin (Invitrogen) under normal culture conditions (21% O2, 5% CO2). Cells at 

passage 13–17 were used. Previous work has demonstrated that CDCs at these passages 

preserved phenotype and multipotency [47].
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2.5. Effect of electrospraying on CDC survival and growth

To investigate the effect of electrospraying voltage on CDC survival and growth, CDCs were 

electrosprayed under 10, 15 and 20 kV. Before electrospraying, cells were suspended in 

culture medium containing 2% gelatin A. Some of the electrosprayed CDCs were then 

stained with Trypan Blue to determine the percentage of cells that survived during 

electrospraying. The remaining cells were seeded in a 96-well culture plate to determine if 

electrospraying affected cell growth. CDCs without electrical treatment were used as the 

control. After 1, 3 and 5 days of culture, a MTT assay was used to determine cell viability 

[48].

2.6. Fabrication of tissue constructs by electrospinning and electrospraying

A two-stream electrospinning and electrospraying setup was employed to generate fibrous 

tissue constructs as described previously [30]. CDCs were suspended in IMDM with 2% 

gelatin, then loaded into a syringe and charged at +10 kV. Gelatin not only increases the 

viscosity of the cell suspension for electrospraying, but it also preserves the viability of 

CDCs during electrospraying [30]. The total number of CDCs used for each tissue construct 

was 100 million. The cell suspension was injected at a fixed rate of 15 ml h−1. The 

electrospinning stream included a solution of hydrogel and polyurethane blend (15%, w/v in 

HFIP). The hydrogel/polyurethane ratio was controlled at 90/10, 70/30 and 50/50 wt.%, 

respectively. The solution was charged at +15 kV and two different flow rates (4.5 and 7.5 

ml h−1) were used. The fibers and CDCs were collected on a rotating mandrel (diameter 11.5 

cm, rotation speed 1000 rpm) charged at −10 kV. After ~40 min of fabrication, the tissue 

constructs were immersed in culture medium overnight. The nomenclature for the resulting 

constructs is shown in Table 1.

2.7. In vitro culture of tissue constructs

After incubating in culture medium overnight, part of the fabricated construct was cut for 

dsDNA analysis, cell staining, imaging and mechanical testing. The rest was transferred into 

a spinner flask for further culture. Each spinner flask was supplemented with 100 ml of 

culture medium. The samples were harvested after 3 and 7 days of culture for dsDNA 

analysis, RNA extraction and immunohistochemistry studies.

2.8. CDC survival and growth in tissue constructs

To determine cell distribution in the constructs after fabrication and in vitro culture, the 

samples were stained with phalloidin rhodamine for F-actin after 1 and 7 days of culture. 

Confocal images were taken using a Olympus Fluoview 1000 laser scanning confocal 

microscope.

dsDNA assays were employed to determine the number of living cells in tissue constructs. In 

brief, tissue constructs collected at each time point were washed with fresh PBS and 

digested with papain solution overnight at 60 °C [44]. PicoGreen (Invitrogen) was then 

added to the digested solution followed by fluorescent intensity measurements using a 

fluorescence plate reader at an excitation wavelength of 480 nm and emission wavelength of 

520 nm. Standard dsDNA with graded concentrations was used to calibrate the fluorescence 
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intensity vs. DNA concentration. The dsDNA content for each construct was normalized by 

the weight of the construct.

2.9. Construct characterization

Tissue construct morphology was determined using scanning electron microscopy (SEM). 

The samples were prepared following previous reports [49–51]. Briefly, the constructs were 

fixed with 4% paraformaldehyde at 37 °C for 1 h. After rinsing with PBS, the constructs 

were dehydrated by 50%, 70%, 80%, 95% and 100% ethanol solutions in sequence. 

Hexamethyldisilazane was then used to chemically dry the samples. To image the interior 

structure, the surface layer of the constructs was peeled off. To image the construct cross-

section, the constructs were frozen in liquid nitrogen and quickly cut by a blade. The 

samples were finally sputter-coated with gold and imaged with a FEI NOVA nanoSEM. 

Fiber diameters were determined from SEM images of the interior structure using Image J 

software, while fiber densities were calculated from SEM images of tissue construct cross-

sections. Fiber orientation distributions within the tissue constructs were calculated by using 

a Hough transformation algorithm in Matlab, based on the SEM images of the scaffolds.

Single-fiber modulus was measured by a BioScope Catalyst atomic force microscope 

(Bruker Corporation) equipped with a water bath. The testing was conducted in PBS at 

37 °C. The samples were scanned with a Tap 150A probe. The tip parameters are as follows: 

k = 5 N m−1, nominal tip radius = 8 nm, Poisson’s ratio = 0.5. After visualizing and 

identifying single polymer fibers, mapping of the mechanical properties on single fibers was 

performed under PeakForce Quantitative Nanomechanical (QNM) imaging (Standard 

Amplitude) mode. For each group, 2–3 samples were measured and 4–6 locations were 

scanned. The scan area at each location was about 50 × 50 μm2, and the scanning rate was 

0.5 Hz. For the modulus measurement, a ramp size of 2 μm (Deflection Mode, Relative; 

Threshold, 30 nm) was taken at each data point. A minimum of 500 data points (force–

displacement curves on individual fibers) was obtained at each location. The data were then 

analyzed using NanoScope Analysis software (Bruker Corporation).

The mechanical properties of the tissue constructs with and without cells were assessed by 

uniaxial tensile testing. The testing was performed on a TestResources 1000R load frame 

(model 1322) equipped with a 50 lb load cell and a 37 °C water bath. A cross-head speed of 

10 mm min−1 was employed. At least eight 20 mm × 2.5 mm size samples were tested for 

each construct.

The resulting uniaxial tensile mechanical response of the tissue constructs was related to the 

hydrogel/polyurethane fiber angular distribution following the constitutive development of 

Sacks et al. [52,53]. Here, it is assumed that a representative volume element (RVE) can be 

identified to capture the microstructure in average sense. The RVE is treated as a three-

dimensional continuum and assumed to be small relative to the macroscopic scale of the 

constructs. The hydrogel/polyurethane fibers are modeled as a hyperelastic solid. Within the 

RVE, the following assumptions are made:

1. The tissue is idealized as a planar fiber network, and the hydrostatic effect from 

surrounding water is not modeled.
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2. The undulation of the hydrogel/polyurethane fibers is assumed to gradually 

disappear with stretching on the scaffold. The load required to straighten the 

fibers is negligible compared to the load transmitted once the stretched fibers are 

straightened.

3. The fiber strain can be calculated from the transformation of the global strain 

tensor to the local fiber basis.

4. The strain energy function of the constructs is the sum of the individual fiber 

strain energies.

5. The mechanical contribution of cells is not explicitly modeled.

From assumption 3, the uniaxial strain ε along each fiber is expressed in terms of the global 

tissue strain tensor E and fiber axis direction N:

ε = NT · E · N, where N1 = cos θ, N2 = sin θ, N3 = 0 (1)

Thus, θ is the angle subtended by the fiber axis and the tensile direction (1-axis), which is 

parallel to the circumferential direction of the mandrel during fiber spinning. Assumption 1 

imposes N3 = 0.

From assumption 4, the strain energy per unit volume of scaffold is:

W = V f∫−π /2

π /2
R(θ)w(ε) dθ . (2)

Here, w is the strain energy per unit volume of fiber, R(θ) is the distribution of fiber 

orientations, and Vf is the volume fraction of fibers in the RVE. The second Piola–Kirchoff 

stress S along the 1 (tensile) axis and the corresponding local stress σ along the fiber axis 

are:

S = ∂W
∂E and σ = ∂w

∂ε (3)

Here, E is the Green–Lagrange strain in the RVE along the tensile axis. Using Eqs. (1–3) 

furnishes a tensile stress–strain relationship for the RVE [54]:

S = V f∫−π /2

π /2
R(θ) σ(ε)[cos2θ − vsin2θ] dθ . (4)

The bracketed term [ ] = dε/dE, where Poisson’s ratio of the RVE is defined by ν = −ET/E, 

the ratio of the transverse and axial strains during a tension test.
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Expressions for the elastic modulus of the scaffold at small and large strain can be developed 

from Eq. (4). The fiber orientation distribution function R(θ) can be determined by a fit 

based on a modified Cauchy distribution:

R(θ) = a
π + 1 − a

πc[1 + (θ − L)2/c2]
, (5)

where a represents the random orientation component, c is a shape parameter, and the 

location parameter L = 0 since the samples are aligned to the scaffold axis. In the small 

strain regime, the elastic modulus of the fiber is described by a relatively small value m0, 

valid during the initial stages of stretch before the fibers become straight. If σ = m0 ε is 

inserted into Eq. (4), the elastic modulus M0 of the RVE at small strain is:

M0 = V fm0A0, A0 = ∫
−π /2

π /2
R0(θ)[cos2θ − vsin2θ]2dθ . (6)

In the opposing limit when the applied strain is sufficiently large to fully straighten the 

fibers, the incremental modulus of the fibers is assumed to have a larger value mL. In this 

limit, the fibers are assumed to be fully aligned at θ = 0, so that A = 1 and the RVE modulus 

at large strain is:

ML = V fmL . (7)

2.10. CDC cardiac differentiation in tissue constructs

CDC differentiation in tissue constructs was determined by real-time reverse transcription 

polymerase chain reaction (RT-PCR) and immunohistochemistry. Cells cultured on tissue 

culture plate (TCP) were used as a control. Tissue constructs were collected after 3 or 7 days 

of culture in spinner flasks. RNA was extracted from the constructs by TRIzol (Sigma). 

Approximately 1 μg of RNA was used to synthesize cDNA using High Capacity cDNA 

Reverse Transcription Kits (Applied Biosystem). Real-time RT-PCR was performed with a 

Mastercycler ep gradient S thermal cycler (Eppendorf) and Platinum Taq DNA Polymerase 

(Life Tech.) with primers listed in Table 2. Fold differences were calculated using the 

standard ΔΔCt method with β-actin as the housekeeping gene [55,56].

For immunohistochemical analysis, the tissue constructs were fixed with 4% 

paraformaldehyde at 37 °C for 1 h. After rinsing with fresh PBS, the constructs were frozen 

with OCT and sectioned into 10 μm thick slices. The slices were then blocked with 10% 

goat serum in 0.1% Triton X-100 for 1 h, followed by incubation with mouse monoclonal 

anti-cTnI and anti-CX43 (Abcam) antibodies respectively at 37 °C overnight. Both cTnI and 

CX43 are expressed in mature cardiomyocytes. After rinsing with PBS, the corresponding 

secondary antibodies were added and incubated for another 1 h. Slices without primary 

antibody but with secondary antibody treatment were used as a negative control. The slices 

Xu et al. Page 8

Acta Biomater. Author manuscript; available in PMC 2018 July 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were finally stained with Hoechst 33342 for nuclei. Images were taken with an Olympus 

FV1000 filter confocal microscope.

A functional response parameter GP was calculated based on the gene and protein 

expression to quantitatively indicate the cell differentiation. The specific gene and protein 

expressions were normalized first based on the results of real time RT-PCR and 

immunohistochemical analysis, respectively. The protein expression was quantified as the 

fraction of cells positive to a given protein. Then the overall gene expression G and protein 

expression P were calculated by G = ΣGNG/NG and P = ΣPNP/NP, respectively, where NG 

and NP are the number of genes and proteins, respectively. The GP value was then 

determined by multiplying the normalized G and P values.

2.11. CDC adhesion on hydrogel/polyurethane blends

CDCs were seeded on hydrogel/polyurethane film to evaluate cell adhesion capacity. Three 

blends with different hydrogel/polyurethane ratios (90/10, 70/30 and 50/50) were used. The 

hydrogel/polyurethane blends were cut into 6 mm discs and fitted into 96-well plates. Each 

well was seeded with 2 × 105 cells. After 24 h of culture, the culture medium was removed 

and samples were washed three times with DPBS. Cells cultured on TCP were used as 

control. The dsDNA content was tested as described above.

2.12. Statistical methods

Data are expressed as mean ± standard deviation. Statistical comparisons were performed by 

ANOVA using JMP. Significant difference is defined as p < 0.05.

3. Results

3.1. Effect of electrospraying voltage on CDC survival and growth

CDCs were electrosprayed at different voltages to investigate the effect of electric field on 

cell survival and growth. Table 3 shows that >97% of the electrosprayed cells survived under 

10, 15, and 20 kV. There was no significant difference in the cell survival rate between the 

control and electrosprayed groups. The electrosprayed cells were able to proliferate during 

the culture with similar growth kinetics to cells that were not electrosprayed (Fig. 1).

3.2. Fabrication and characterization of tissue constructs

Tissue constructs with a high density of CDCs were successfully fabricated using a 

technique involving simultaneous fiber electrospinning and cell electrospraying. The 

electrosprayed CDCs and electrospun fibers were homogeneously distributed in the 

constructs (Figs. 2 and 3). The fibers assumed diameters typically >1 μm with no significant 

difference between different constructs (Table 4). The fiber density and alignment were 

dependent on the pumping speed of polymer solution (Table 4). An increase in pumping 

speed from 4.5 to 7.5 ml h−1 significantly increased fiber density (n = 10, p < 0.05) but 

decreased fiber alignment (p < 0.05).

Fiber alignment was calculated by Matlab based on the SEM images using Eq. (6).
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Typical stress–strain curves of the four tissue constructs with cells are presented in Fig. 4 

and the tensile properties are summarized in Table 5. The constructs were highly flexible 

and relatively strong with tensile strains and strengths greater than 362% and 440 kPa, 

respectively. The constructs were also relatively soft with small strain tensile moduli M0 

ranging from 4.8 × 101 to 4.6 × 102 kPa. The tensile modulus and strength were dependent 

on the PU/hydrogel ratio and polymer solution pumping speed. Table 5 demonstrates that an 

increase in PU/hydrogel ratio significantly increased tensile strength and modulus (n = 8, p < 

0.05). At the same PU/hydrogel ratio, increasing the polymer solution pumping speed from 

4.5 to 7.5 ml h−1 increased the tensile strength (n = 8, p < 0.05) but not modulus (n = 8, p > 

0.05).

The small strain tensile moduli of the constructs without cells on days 1 and 7 are presented 

in Table 6. The tensile modulus of the constructs without cells was not significantly different 

from that with cells. Also, the tensile modulus of the constructs without cells did not change 

significantly after 7 days of incubation (n = 6, p > 0.1), indicating that no obvious 

degradation occurred during this period.

The modulus of the single fibers in tissue constructs was measured by atomic force 

microscopy (AFM) in a 37 °C water bath. These AFM-based moduli are denoted mA and 

ranged from 130 kPa to 1 MPa. They depended on the PU/hydrogel ratio but not pumping 

speed (Fig. 5). In general, fibers with a higher PU/hydrogel ratio assumed a greater modulus 

(n > 4000, p < 0.05).

3.3. CDC adhesion on hydrogel/PU blends and cell survival in tissue constructs

To investigate if fiber composition had an effect on CDC attachment, the cells were seeded 

on 2-D films of PU/hydrogel blends with different ratios and cell adhesion was characterized 

after 24 h of culture. Fig. 6 shows that there was no significant difference among all three 

films with different PU/hydrogel ratios (n = 6, p < 0.05), demonstrating that the PU/hydrogel 

ratio did not affect CDC adhesion. Interestingly, the cell adhesion on PU/hydrogel films was 

much greater than that on the tissue culture plate.

The fabricated tissue constructs were ~150 μm thick. The use of a spinner flask enhanced the 

oxygen and nutrient transport in the constructs during the culture. Fig. 7 demonstrates that 

CDCs survived in the constructs during the 7 day culture period. Comparison of the dsDNA 

content in each tissue construct after 1 and 7 days of culture showed no significant 

difference between the two time points (n = 6, p > 0.05, Fig. 7).

3.4. Cardiac differentiation of CDCs in tissue constructs

The cardiac differentiation of CDCs in tissue constructs was evaluated at the mRNA level by 

real-time RT-PCR, and at the protein level by immunohistochemistry. At the mRNA level, 

cardiac specific markers cardiac troponin T (cTnT), cardiac myosin heavy chain alpha 

(MYH6) and calcium channel protein (CACNA1c) were used to assess the degree of CDC 

cardiac differentiation. As seen in Fig. 8, these markers were all significantly up-regulated in 

constructs (A) and (B). Meanwhile, almost no mature cardiac markers were expressed in the 

other two constructs. Overall construct (A) exhibited the highest expressions. At the protein 

level, CDCs in constructs (A) and (B) were both cTnI and CX43 positive (Figs. 9 and 10). 
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However, the cells in constructs (C) and (D) were cTnI negative and showed weak 

expression of CX43. These results demonstrate that construct (A) most significantly 

stimulated CDC cardiac differentiation.

4. Discussion

The purpose of this work was to determine the optimal physical properties of fibrous tissue 

constructs that lead to cardiac differentiation of CDCs. This work represents the first step 

towards elucidating the relationship between stem cell cardiac differentiation and changes in 

collagen fiber properties after MI. Various studies have demonstrated that matrix properties 

such as composition, biomechanics and structure affect stem cell differentiation [25,57–61]. 

However, most of these studies were conducted either in a 2-D environment or in nonfibrous 

scaffolds. These studies therefore cannot elucidate stem cell differentiation in the 3-D 

fibrous scaffolds that resemble the morphology and structure of the native ECM. For fibrous 

scaffolds, physical properties such as composition, modulus, fiber diameter and alignment 

potentially affect cell differentiation, as they affect mechanopathways and the focal adhesion 

of cells [25,57–61]. However, no previous work has investigated the effect of these 

properties on CDC cardiac differentiation. In this work, we found that when fibers with the 

same cell adhesive properties were used, CDC cardiac differentiation was determined by the 

scaffold macroscopic tensile modulus at small strain (M0), fiber volume fraction Vf and fiber 

alignment A0.

4.1. Geometric and mechanical properties of tissue constructs

Key trends among the processing, geometric and mechanical parameters are observed 

among the summary results presented in Table 7. Tissue constructs were fabricated through 

simultaneous electrospinning of polymer fibers and electrospraying of cells. Here, pumping 

speed P and hydrogel content H were varied. The use of both compliant hydrogel (~10 kPa) 

and relatively stiff PU (~2.2 MPa) enabled constructs with heart tissue-like mechanical 

properties. In particular, the small strain tensile moduli of the constructs ranged from M0 = 
48 to 461 kPa. This is within the modulus range of the native heart tissue during a beating 

cycle (10–500 kPa) [62].

The trends in fiber volume fraction Vf and fiber alignment A0 at small strain show peculiar 

differences for construct (A) compared to the others. Here, Vf = n πd2/4 is used, where n 
and d are reported in Table 4. The large Vf for construct (A) stems from a considerably 

larger n and modestly larger d (Table 4). Apparently, the larger pump speed generates greater 

packing of fibers. The fiber alignment function A0 is also smaller, indicating a broader fiber 

distribution about the perfectly aligned (θ = 0) case. This is consistent with a larger pump 

speed, which increases the speed of the impinging polymer stream relative to the fixed 

mandrel speed. For case (A), the speed of the impinging polymer stream is estimated as sp ≈ 
P/Anozzle = 2.19 m s−1 and the circumferential speed on the mandrel of diameter Dm and 

revolutions per second w is estimated as sm ≈ wπ Dm = 0.785 m s−1. The SEM images in 

Fig. 3 confirm the larger Vf and smaller A0 for construct (A), compared to construct (B). 

Comparison of cases (B)–(D) shows that alignment and volume fraction are controlled 

primarily by pump speed rather than by hydrogel fraction. This is surprising since the results 
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(to follow) show a large variation in fiber modulus, which could in principle affect Vf and 

A0.

These geometric and processing features translate into a range of macroscopic moduli at 

both small strain (M0) and large strain (ML). Constructs (A) and (B) have comparable values 

of M0 that are ~25% or less than for cases (C) and (D). The comparable values demonstrate 

that M0 can be held relatively constant by increasing pump speed at constant hydrogel 

fraction, thereby increasing Vf while decreasing A0. ML is larger in case (A) vs. (B), which 

is consistent with a larger Vf. Overall, however, the large increase in Vf produces rather 

modest gains in ML. Comparison of cases (C) and (D) shows that increases in both the small 

and large strain moduli are achieved by decreasing the hydrogel fraction.

The data also address how the local fiber moduli at small and large strain depend on pump 

speed and hydrogel fraction. The fiber moduli mA (Fig. 5) from AFM can be complemented 

by estimates of m0 and mL using Eqs. (6) and (7). In particular, the small strain fiber moduli 

m0 are obtained by inserting experimental values of Vf, A0 and M0 into Eq. (6), and the 

large strain counterpart mL is obtained by inserting Vf and ML into Eq. (7). All three fiber 

moduli (mA, m0, mL) increase as the PU fraction increases (H decreases). Changing the 

pump speed produces no significant difference (n > 4000, p > 0.05) in fiber modulus. The 

results indicate that m0 is ~80% of mL, consistent with the effects of increased polymer 

chain alignment and overall fiber straightening at larger strain.

A relevant experimental issue is the most efficacious approach to estimate fiber modulus. 

AFM is desirable both because it is not inferred indirectly through formulae (Eqs. (6) and 

(7)) that require measurements or assumptions about fiber alignment. However, drawbacks 

to AFM include the inhomogeneous stress state generated under the tip, support of the fiber, 

and elastic anisotropy in the radial vs. axial directions of the fiber. Drawbacks to Eqs. (6) 

and (7) include the effect of cells on the measurement of M0 and ML. These effects were 

neglected in Eqs. (6) and (7) so that the resulting values of m0 and mL are expected to be 

upper bounds. Despite the drawbacks to each method, it is encouraging that they yielded 

consistent trends with pump speed and hydrogel fraction.

4.2. Cardiac differentiation

The differentiation of CDCs towards cardiac linage was evidenced by real-time RT-PCR 

(Fig. 8) and immunohistochemistry (Figs. 9 and 10). At the mRNA level, cardiac 

differentiation was dependent on the tissue construct modulus, fiber diameter and fiber 

density. Overall, CDCs in the construct with the lowest modulus (M0 = 48 kPa) and the 

highest fiber volume fraction (Vf = 0.85) demonstrated the highest expressions of mature 

cardiac markers cTnT, MYH6 and CACNA1c. Statistical analysis showed that M0 had a 

significant effect on the expressions of MYH6 and CACNA1c. Interestingly, Vf played an 

important role in the cTnI expression where a larger Vf led to a higher extent of expression. 

At the protein level, CDCs in both M0 = 48 and 60 kPa constructs were positive to cTnI, but 

not in the 220 and 460 kPa constructs. Almost all constructs exhibited CX43 expression, 

though cells in the 48 and 60 kPa constructs had remarkably higher expression than those in 

the 220 and 460 kPa constructs.
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Matrix modulus has been shown to affect cell differentiation. In the current study, the 

constructs (B), (C) and (D) had very similar fiber diameter d, density n and alignment A0 (p 
> 0.05) but different scaffold modulus. The gene and protein expression results demonstrate 

that the optimal modulus for CDC cardiac differentiation in fibrous scaffolds is ~50 kPa. 

This value is slightly higher than that of CDC cardiac differentiation in 3-D hydrogels. As 

reported in our previous study, the optimal modulus for CDC cardiac differentiation in 

PNIPAAm-based hydrogels is 31–40 kPa [31,63]. The discrepancy may result from different 

microenvironments in the hydrogel and fibrous scaffold.

Fig. 11 shows the results of a statistical analysis of the gene and protein expressions, leading 

to a fit of the functional performance:

GP = (B × V f ) × exp[K(M0 − C)2 + D] . (8)

The fitted function captures the experimental points well (R2 = 0.98, p < 0.05, p < 0.0001, p 

< 0.0001 for Vf, M0 and M0
2, respectively). Over the scaffold modulus range M0 = 50–500 

kPa, the lower values produced higher cardiac differentiation of the seeded CDCs. It is 

unclear whether even smaller M0 might yield further increases in GP.

The results for cases (A) and (B) in Table 7 show that GP depends on more than fiber and 

construct moduli. In particular, cases (A) and (B) have similar M0 (p > 0.05)and m (p > 

0.05) for m0, mL and mA from AFM tests). Yet GP for (A) is ~7 times that for (B). This may 

be attributed to the larger Vf and smaller fiber alignment A0. This is confirmed in Fig. 8, 

based on the larger fiber density in the cross-sectional views and reduced fiber alignment in 

the side views, for (A) compared to (B). A positive coefficient B in Eq. (8) also indicates 

that a higher fiber volume fraction increases GP. This was achieved primarily by increasing 

the fiber density. In principle, Vf can also be increased with a larger fiber diameter but the 

effect on GP is not known from the present work. The effect of fiber density and alignment 

on cell differentiation may result from their effects on the number of cell adhesion sites, 

focal adhesion shape, cell–cell distance and cell shape. Various studies have demonstrated 

that these parameters determine cell differentiation [60–62,64].

5. Conclusions

In this work, ECM-like fibrous tissue constructs with different global modulus, single-fiber 

modulus, fiber density and alignment were fabricated to investigate the effect of construct 

properties on CDC cardiac differentiation. Constructs with a small strain global modulus of 

48 kPa, a larger fiber volume fraction of ~ 0.9, and lower alignment (A0 = 0.45) were found 

to stimulate cardiac differentiation most effectively. This study suggests that ECM properties 

in heart tissue will have an impact on cardiac differentiation of delivered stem cells, and the 

timing of stem cell delivery may affect the extent of cardiac differentiation.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 1–5, 7 and 9–11, are difficult to interpret in 

black and white. The full colour images can be found in the on-line version, at http://

dx.doi.org/10.1016/j.actbio.2014.04.018.
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Fig. 1. 
Viability of CDCs electrosprayed at different voltages (10, 15 and 20 kV).
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Fig. 2. 
Distribution of cells of the tissue construct at different depths on day 1 (a) and day 7 (b).
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Fig. 3. 
SEM images of tissue construct cross-sections, surfaces and fiber alignment/orientation 

distributions calculated based on the images. (a) HG9PU1/7.5; (b) HG9PU1/4.5; (c) 

HG7PU3/4.5; (d) HG5PU5/4.5.
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Fig. 4. 
Representative stress–strain curves of the tissue constructs tested at 37 °C and in an aqueous 

condition.
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Fig. 5. 
AFM characterization of scaffold morphology (a) and single-fiber modulus of scaffolds (b).
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Figure 6. 
CDC adhesion on 2-D films of hydrogel/polyurethane blends with different ratios.
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Fig. 7. 
dsDNA content of tissue constructs after 1 and 7 days of culture in spinner flasks.
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Fig. 8. 
Gene expression of CDCs in tissue constructs after 7 days of culture in spinner flasks. (a) 

CACNA1c; (b) cTnT; (c) MYH6.
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Fig. 9. 
CX43 expression (red) of CDCs in tissue constructs after 7 days of culture in spinner flasks. 

Cell nuclei were stained by Hoechst (blue). (a) HG9PU1/7.5; (b) HG9PU1/4.5; (c) 

HG7PU3/4.5; (d) HG5PU5/4.5.
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Fig. 10. 
cTnI expression (green) of CDCs in tissue constructs after 7 days of culture in spinner 

flasks. Cell nuclei were stained by Hoechst (blue). (a) HG9PU1/7.5; (b) HG9PU1/4.5; (c) 

HG7PU3/4.5; (d) HG5PU5/4.5.
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Fig. 11. 
Simulated relationship of gene/protein expression (GP), fiber volume fraction (Vf), and 

small strain scaffold modulus (M0).
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Table 1

Fabrication parameters for tissue constructs.

Scaffold Hydrogel content (%) PU content (%) Pumping speed (ml h−1)

(A) HG9PU1/7.5 90 10 7.5

(B) HG9PU1/4.5 90 10 4.5

(C) HG7PU3/4.5 70 30 4.5

(D) HG5PU5/4.5 50 50 4.5
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Table 2

Primers used for real time RT-PCR.

Transcription Prime sequences Tm (°C)a

cTnT Forward TACATCCAGAAGACAGAGCG 61.4

Reverse CTCTCAGTTGGTCTTCATTCAG 60.7

MYH6 Forward GAGGAGATGCGAGATGAGAG 61.6

Reverse CGGTTTGATCTTGAAGTAGAGC 61.3

CACNA1c Forward CAGAAACTACAGGAGAAGAGG 59.5

Reverse AAGAAGAGGATCAGGTTGGT 60.5

β-Actin Forward AAGATCAAGATCATTGCTCCTC 61.2

Reverse GGACTVATCGTACTCCTG 59.5

a
Tms were calculated by NIH PerlPrimer. cTnT, MYH6 and CACNA1c are cardiac specific markers cardiac troponin T, cardiac myosin heavy 

chain alpha, and calcium channel protein expressed in mature cardiomyocytes, respectively.

Acta Biomater. Author manuscript; available in PMC 2018 July 03.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Xu et al. Page 31

Table 3

Survival rate of CDCs after electrospraying.

Voltage (kV) 0 10 15 20

Survival rate (%) 97.2 97.7 97.6 98.9
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Table 4

Fiber diameter, density, and alignment of different constructs.*

Scaffold (A) (B) (C) (D)

Diameter d (μm) 1.50 ± 0.12 1.28 ± 0.09 1.47 ± 0.22 1.37 ± 0.26

Density n (#/100 μm2) 46.1 ± 2.0 25.5 ± 3.2 22.7 ± 2.8 22.2 ± 3.7

Alignment A0 0.45 ± 0.06 0.61 ± 0.07 0.60 ± 0.02 0.59 ± 0.04

*
Fiber diameter and density were detected by Image J based on the SEM images.
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Table 5

Mechanical properties of different tissue constructs with cells on day 1.

Scaffold (A) (B) (C) (D)

Tensile modulus M0 (kPa) 48.1 ± 10.9 60.4 ± 5.0 222.7 ± 32.5 463.1 ± 37.7

Tensile stress (kPa) 629.4 ± 97.5 440.8 ± 73.3 892.0 ± 67.3 2019.9 ± 283.9

Elongation 4.54 ± 0.87 3.62 ± 0.89 5.10 ± 0.69 7.17 ± 1.34
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Table 6

Tensile moduli of different constructs without cells at days 1 and 7.

Scaffold (A) (B) (C) (D)

Tensile modulus at day 1 (kPa) 55.0 ± 1.4 60.4 ± 10.6 202.7 ± 17.9 421.8 ± 26.4

Tensile modulus at day 7 (kPa) 56.0 ± 2.1 57.4 ± 6.6 231.0 ± 31.9 425.8 ± 29.3
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